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Abstract: Charcoal occurrence is extensively used as a tool for understanding wildfires over 13 
geological timescales. Yet, the fossil charcoal literature to date rarely considers that fire alone 14 
is capable of creating a bias in the abundance and nature of charcoal it creates, before it even 15 
becomes incorporated into the fossil record. In this study we have used state-of-the-art 16 
calorimetry to experimentally produce charcoal from twenty species that represent a range of 17 
surface fuels and growth habits, as a preliminary step towards assessing whether different 18 
fuel types (and plant organs) are equally likely to remain as charcoal post-fire. We observe 19 
that charcoal production appears to be species specific, and is related to the intrinsic physical 20 
and chemical properties of a given fuel. Our observations therefore suggest that some taxa are 21 
likely to be overrepresented in fossil charcoal assemblages (i.e. needle-shed conifers, tree 22 
ferns) and others poorly represented, or not preserved at all (i.e. broad shoot-shed conifers, 23 
weedy angiosperms, shrub angiosperms, some ferns). Our study highlights the complexity of 24 
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charcoal production in modern fuels and we consider what a bias in charcoal production may 25 
mean for our understanding of palaeowildfires.  26 
 27 
Keywords: fuel type, wildfires, experimental, charcoal, fossil charcoal  28 
 29 
Wildfires have been an important component of terrestrial ecosystems for the past 420 30 
million years (Glasspool et al. 2004; Belcher et al. 2013). Despite the annual occurrence of 31 
conflagrations over approximately 3% of the terrestrial biosphere (Giglio et al. 2010), 32 
surprisingly little is known about fuel consumption and charcoal production in modern 33 
wildfires (Varner et al. 2015; Santín et al. 2016), which should lead us to question how much 34 
we actually know about the production of charcoal in palaeowildfires (i.e. Hudspith & 35 
Belcher 2017), and the extent to which fire alone can create a bias in the resulting charcoal 36 
we observe in the fossil record.  37 
In modern ecosystems, plant litter and surface fuels are a major carrier of fires 38 
(Varner et al. 2015; Belcher 2016). Similarly, there is abundant evidence for charred surface 39 
fuels in the fossil record such as charred ferns, conifer needles, as well as charred flowers 40 
from early understory angiosperms (e.g. Harris 1958, 1981; Alvin 1974; Scott 2000; 41 
Collinson et al. 2000; Falcon-Lang et al. 2001; Van Konijnenburg-Van Cittert 2002; Friis et 42 
al. 2006; Falcon-Lang et al. 2016); however, many of these studies either utilise the 43 
exceptional preservation of charcoal for taxonomic identification only (i.e. early angiosperm 44 
flowers; Friis et al. 2006), or discuss fossil charcoal in the context of post-fire transport 45 
and/or taphonomic processes. Until now, with the exception of Hudspith & Belcher’s (2017) 46 
work on charred flowers, there has been no discussion of how fire alone affects the potential 47 
for different plant genera/morphotypes, or even different plant organs, to survive as charcoal 48 
following palaeowildfires.  49 
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Before we can begin to understand the fossil record of fire, we first need to improve 50 
our understanding of charcoal production of modern surface fuels. To date, most 51 
experimental charcoal production, in relation to palaeontological studies, has used a muffle 52 
furnace to generate surface fuel reference charcoals (e.g. Jones et al. 1991; Lupia 1995; 53 
McParland et al. 2007). Yet a furnace is a temperature controlled environment operating 54 
under restricted atmospheric conditions, which does not capture the transient nature of a fire 55 
or the complex heat and mass transfer that occurs, and as such does not represent the 56 
complexities of charcoal production in real wildfire. To improve upon these approaches we 57 
have used combustion calorimetry (Babrauskas 2016) to experimentally produce charcoal 58 
from twenty taxa that represent surface fuels across a broad range of fuel types and growth 59 
habits (from conifers to ferns to weedy and shrub angiosperms) in order to question whether 60 
this spectrum of fuel types are equally likely to remain as charcoal post-fire. In contrast to 61 
furnace charring, calorimetry experiments do not operate under restricted atmospheric 62 
conditions and the fuel is exposed to a heat flux and allowed to ignite and burn in a 63 
controlled, representative environment (see Calorimetry experiments methods section for 64 
detail). Therefore the charcoal and ash produced using this method are a better representation 65 
of the combustion processes, and the charcoal that could be produced in a wildfire. 66 
 In addition to improving the experimental approaches that produce charcoal, we also 67 
need to consider that the atmospheric composition has also changed over geological 68 
timescales and how this in turn may have affected wildfire activity (Watson et al. 1978; Cope 69 
& Chaloner 1980; Wildman et al. 2004; Belcher & McElwain 2008; Belcher et al. 2010; 70 
Glasspool & Scott 2010). For example, during Periods where atmospheric oxygen reached 71 
superambient levels, we see evidence for enhanced wildfire activity, in the form of high fossil 72 
charcoal contents in sediments and coals (Belcher & McElwain 2008; Glasspool & Scott 73 
2010). This is thought to be because superambient atmospheric oxygen greatly increases 74 
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ignition probability (Watson et al. 1978; Belcher et al. 2010), as well as moisture of 75 
extinction (enabling wetter vegetation to burn) (Watson & Lovelock 2013). In order to test 76 
whether wildfires in superambient atmospheric oxygen conditions do indeed produce more 77 
charcoal, we tested species under the highest modelled superambient oxygen conditions that 78 
were thought to have occurred in the Cretaceous (peak 26 vol. % pO2; Bergman et al. 2004; 79 
Mills et al. 2016).  80 
 Therefore, by producing charcoal under more representative, but controlled, 81 
laboratory conditions we aim to determine whether different plant types, and organs, are 82 
equally likely to remain as charcoal post-fire. Our experimental work will then be used to 83 
explore the extent to which fire alone may create a bias in the amount of charcoal that is 84 
produced, prior to any transportation, and before any additional taphonomic processes occur 85 
ahead of its incorporation into the fossil record. By considering how fire itself may lead to 86 
biases in the charred plant types and organs that are produced; we aim to improve our 87 
understanding of both the fossil record of charcoal, and palaeowildfires over geological 88 
timescales. 89 
 90 
MATERIALS AND METHODS 91 
Taxa studied 92 
 Twenty species were analysed, representing a range of surface fuel types. Twelve of 93 
the species were sampled from the botanical collection at the University of Exeter: Buxus 94 
sempervirens, Rubus fruticosus, Urtica dioica, Asplenium scolopendrium Pteridium sp., 95 
Dryopteris sp., Dicksonia antarctica (representing potential standing surface fuels) in 96 
addition to foliage/shed shoots of Pinus radiata, Podocarpus salignus, Sequoia sempervirens, 97 
Cunninghamia konishii, and Cryptomeria japonica. The remaining eight species (all 98 
representing standing understory surface fuels) were obtained from the University of Bristol 99 
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botanic garden: Drimys winteri, Laurus nobilis, Illicium cf. henryi, Sarcandra 100 
chloranthoides, Piper nigrum, Blechnum tabulare, Equisetum robustum, and Equisetum 101 
hyemale. These species also represent different growth habits, from angiosperm shrubs (i.e. 102 
Laurus nobilis), weedy angiosperms (i.e. Rubus fruticosus) and ferns (i.e. Pteridium sp.), 103 
collectively representing a range of standing understory surface fuels. Dicksonia antarctica 104 
was selected as a sub-canopy component. For foliage from the canopy forming conifers, both 105 
live and recently senesced (hereafter termed dead) foliage was tested from a range of needle-106 
shed (i.e. Podocarpus salignus, Pinus radiata) and shoot-shed (i.e. Cryptomeria japonica, 107 
Cunninghamia konishii and Sequoia sempervirens) morphotypes. All samples were oven 108 
dried at 50°C until they had attained a constant weight. Fully cured fuels were studied as 109 
these represent the most readily ignitable fuels in wildfires.  110 
 111 
Calorimetry experiments 112 
 A 3 cm depth fuel bed was created for each species by filling a 15cm wide, 368 cm3 113 
porous metal mesh basket with a mix of foliar and vegetative material according to the 114 
natural packing density of the plant material (Belcher 2016) to ensure equal volume was 115 
analysed for each species. Leaf morphology affected packing density in the baskets, and 116 
wood, cones, Equisetum stems etc. have a greater mass than leaves. As such, start masses 117 
vary between species, resulting in each basket having an interspecific variation in bulk 118 
density (Table 1 in Hudspith et al. 2017), which is known to be an important component of 119 
leaf litter flammability (Belcher 2016). Bulk density of each fuel type was determined by 120 
dividing the sample mass by the volume of the metal mesh basket (Table 1 in Hudspith et al. 121 
2017).  122 
 Bench-scale combustion experiments in ambient atmospheric oxygen were 123 
undertaken using the iCone calorimeter (Fire Testing Technology, East Grinstead, UK) in the 124 
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wildFIRE Lab, at the University of Exeter (refer to ISO 5660-1:2015). Cone calorimetry 125 
represents a benchmark in testing the flammability of a wide range of materials (Babrauskas 126 
& Peacock 1992; Dibble et al. 2007). The fuel sample is exposed to a radiant heat flux 127 
(similar to radiant heating ahead of a wildfire). We selected 50 kW/m2 as this likely 128 
represents the lower range of heat fluxes experienced in a wildfire (50-250 kW/m2) (Silvani 129 
& Morandini 2009; McAllister et al. 2012). This radiant heating causes the fuel to thermally 130 
decompose and generate volatile gases (pyrolysate), which mixes with air above the sample, 131 
generating a flammable mixture. A spark igniter is used to ensure piloted ignition such that 132 
once the pyrolysate release is sufficient, the flammable gas-air mixture ignites. The heat 133 
release rate (HRR) is continually calculated throughout the experiment, using oxygen 134 
consumption calorimetry (Babrauskas 2016). Samples were analysed in duplicate or triplicate 135 
depending on plant material availability (refer to Table 1 in Hudspith et al. 2017 for detail). 136 
The samples were removed from the cone calorimeter after flaming had ceased and the 137 
calculated heat release had returned to zero. Time to ignition (TTI), test duration, total heat 138 
release (THR), and the rate of CO release (in g/s) were also recorded (Fig. 1). 139 
 In order to better understand how the burning dynamics of each fuel influenced the 140 
amount of charcoal remaining at the end of each test; each CO production curve was 141 
examined (two end members are illustrated in Fig. 1). CO generation has been shown to well 142 
represent the different stages of fuel combustion (c.f. Schemel et al. 2008). And as charcoal is 143 
produced during the pyrolysis stage of combustion i.e. the stage at which the fuel is thermally 144 
decomposed to produce flammable volatile gases that are consumed by the flames, it might 145 
be assumed that samples with a longer flaming phase would produce more charcoal. We can 146 
see this in the CO production curve for Cryptomeria japonica dead foliage in Fig. 1A, where 147 
CO production shows a small initial increase at ignition (Fig. 1A), then stabilises during 148 
flaming combustion (Fig. 1A). Then, once the flame is naturally extinguished (flameout) 149 
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oxygen is able to reach the sample surface and combustion of the charcoal itself occurs (char 150 
oxidation), producing ash, and dramatically increasing CO production further (Fig. 1A; 151 
Schemel et al. 2008). However, the fuel beds tested were a mixture of materials (leaves and 152 
their attached woody parts), which along with the morphology of the leaves, and their varied 153 
shoot arrangement, caused differences in the porosity (bulk density) between the fuels tested 154 
(as would be the case in the natural world). This has resulted in considerable variation in CO 155 
production between the species tested, as illustrated in Fig. 1B, where the arrangement of 156 
Sarcandra chloranthoides leaves on each shoot have resulted in a more open,  higher porosity 157 
fuel bed (compared to the flatter scale leaves, and higher woody component in the 158 
Cryptomeria japonica dead foliage sample in Fig. 1A). When burned, a high porosity fuel 159 
bed creates a large surface area for oxygen diffusion, meaning that smouldering and flaming 160 
can co-occur (Torero 2013), consuming charcoal and producing ash, even in the flaming 161 
phase (as illustrated in Fig. 1B). In both cases the main phase of CO production (> 0.005 g/s 162 
in this study) is able to indicate that char oxidation is occurring, regardless of fuel type, 163 
porosity, or whether a flame is still present (Fig. 1) (Schemel et al. 2008); thus enabling semi-164 
quantitative discrimination between duration of charcoal production and charcoal 165 
consumption (producing ash) that occurred in each test (Fig. 1).  166 
 The experiments run under superambient atmospheric oxygen conditions used the FM 167 
Global Fire Propagation Apparatus (FPA) (Tewarson 2008), at BRE Centre for Fire Safety 168 
Engineering, at the University of Edinburgh (UK). Samples were removed once flaming had 169 
ceased. This apparatus enables the composition of the experimental atmosphere to be altered 170 
(c.f. Hadden et al. 2013). A mixture of nitrogen and oxygen was combined to generate a 26 171 
vol. % superambient oxygen environment that was allowed to flow through and around the 172 
sample at a flow rate of 150 L min-1. The top surface of the sample was exposed to a uniform 173 
radiant heat flux of 50 kW/m2 (comparable to the ambient iCone calorimeter experiments), 174 
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but generated by 4 infrared heaters (refer to ASTM E2058-2013a), instead of an electric coil 175 
heater. Samples were tested in duplicate depending on plant availability (refer to Table 2 in 176 
Hudspith et al. 2017 for detail). 177 
 178 
Charcoal and ash analysis 179 
 Photographs of the resulting ash and charcoal were processed using the open source 180 
scientific image processing program ImageJ (Rasband 2013). Images were processed 181 
according to standard procedure outlined in the ImageJ manual. Each image was converted to 182 
an 8-bit greyscale image, whereby the brightness levels of the red (R), green (G) and blue (B) 183 
components are each represented as a number from decimal 0 to 255. A histogram of pixel 184 
values was created for each image (Figure 1A in Hudspith et al. 2017) and all values were 185 
copied. A manual threshold was then applied to each image to determine a cut-off greyscale 186 
value for the pixels that were observed to represent charcoal, which could uniformly be 187 
applied to every sample in this study. A value of ≤ 50 was determined based on the analysis 188 
of each image, and assuring that all charcoal particles were being captured at that maximum 189 
value (see example in Figure 1B in Hudspith et al. 2017). Default thresholds were then 190 
applied to each image to give a maximum grey-scale value for the ash in each sample (Figure 191 
1C in Hudspith et al. 2017). All pixel values higher than the predetermined maximum ash 192 
value (i.e. the background paper; Fig. 2) were deleted. All remaining values >50 therefore 193 
represent the amount of ash in each image, and all values ≤ 50 represent the amount of 194 
charcoal. The latter were then converted to a char percentage, which was then normalized 195 
according to the start mass to give a char mass fraction (Tables 1-2 in Hudspith et al. 2017). 196 
The resulting char mass fractions therefore provide a semi-quantitative approximation of the 197 
amount of charcoal and ash remaining post-burn.  198 
 199 
9 
 
RESULTS  200 
Experimental charcoal production under ambient oxygen conditions  201 
 All the taxa tested represent equal volumes of cured, single species fuel beds, exposed 202 
to identical heat flux and ignition conditions. Yet, all show a wide variation in the amount of 203 
charcoal produced (char mass fractions) between species, and even between replicates of the 204 
same species (Fig. 3). The fuels tested were then grouped into growth habits for analysis. 205 
 Within each growth habit grouping (Fig. 3): Pinus radiata, Podocarpus salignus 206 
(conifer) Dicksonia antarctica (sub-canopy), Buxus sempervirens (shrub angiosperm), Piper 207 
nigrum (weedy angiosperm), Blechnum tabulare, Asplenium scolopendrium (ferns), and 208 
Equisetum spp. (marginal fluvial) produced the most charcoal. And the remaining shrub 209 
species, weedy angiosperms and ferns (Fig. 3) produced the least.  210 
 Within the conifers, the needle-shed morphotypes P. radiata (live and dead foliage) 211 
(Fig. 2G-H) and P. salignus (dead foliage) (Fig. 2E) produced considerably more charcoal by 212 
the end of the test than any of the shoot-shed conifers (Figs 3, 4).  213 
 It is clear that the different species generate different proportions of charcoal; 214 
therefore it is important to consider whether this can be attributed to something intrinsic in 215 
the fuels themselves, or whether leaf traits and their relationship to fuel bed structure could in 216 
part be influencing their combustion behaviour. For example, larger/broader leaves create 217 
more open and well ventilated, low bulk density litters (Scarff & Westoby 2006; Belcher 218 
2016) which appear to cause earlier initiation of char oxidation (i.e. destruction of char by 219 
solid fuel oxidation) in these fuel types, consuming charcoal and generating ash (as in Fig 220 
1A). Indeed, we observed that the fuels with the lowest bulk densities (such as ferns and 221 
weedy angiosperms, and some shrubs (Fig. 1B)) experienced the greatest proportions of 222 
charcoal consumption (Fig. 5B), with char oxidation being initiated even during flaming 223 
combustion (see CO curve in Fig. 1B), which likely accounts for their low charcoal yields at 224 
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the end of the test (Fig. 5C). In contrast, the high bulk density fuels (Fig. 5A) result in a 225 
higher fuel load (Belcher 2016) meaning the pyrolysate release is greater, and more heat is 226 
released overall (Fig. 5A), as well as a flame that covers the sample surface for longer 227 
durations (Fig. 1A; Table 1 in Hudspith et al. 2017). Consequently, oxygen cannot penetrate 228 
far below the surface during flaming, and the lower layers are protected from char oxidation, 229 
resulting in comparatively higher charcoal yields at the end of these tests (Fig. 5). 230 
 However, variations in bulk density cannot explain the entirety of charcoal production 231 
(Fig. 5C). Two diverging trends of charcoal production can clearly be observed in the data. 232 
The first trend (labelled 1 in Fig. 5C) includes: shrubs, (predominantly) shoot-shed conifer 233 
live and dead foliage, and Equisetum robustum. For these species, the longer the duration of 234 
char oxidation, the lower the yield of charcoal at the end of the test. In contrast, the second 235 
trend (labelled 2 in Fig. 5C) includes: ferns, weedy angiosperms, some shrubs, live and dead 236 
needle-shed foliage, Dicksonia antarctica and Equisetum hyemale. These fuels have low to 237 
medium bulk densities (Fig. 5B), yet show a wide variation in charcoal production (Fig. 5C), 238 
with needle-shed conifers and Dicksonia antarctica in particular generating unexpectedly 239 
high charcoal yields even at high relative proportions of solid fuel/char oxidation. This 240 
implies that for certain species bulk density-driven combustion behaviour cannot explain the 241 
entirety of charcoal production, and instead it must relate to the intrinsic physical and 242 
chemical properties of the fuel, as well as the heat transfer environment. 243 
 244 
Experimental charcoal production under superambient oxygen conditions 245 
The majority of species produced less charcoal under superambient test conditions 246 
(Fig. 6). Eleven of the taxa tested produced considerably less charcoal: all needle- and shoot-247 
shed conifers (both live and dead foliage), Dicksonia antarctica, Buxus sempervirens, Laurus 248 
nobilis, Illicium cf. henryi, and E. robustum. However, five of the species showed ranges in 249 
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char mass fractions that overlap for both test conditions (Fig. 6). For Drimys winteri, Rubus 250 
fruticosus, Pteridium sp., Dryopteris sp., this is likely because they produced little charcoal 251 
under either test conditions (Fig. 6), which may be attributed to their low bulk density, and 252 
rapid initiation of oxidation, consuming charcoal and producing mainly ash (Fig. 5B).  253 
 Overall, we generally observe less charcoal and greater ash production in our 254 
experiments under superambient oxygen conditions because solid-phase oxidation is initiated 255 
more rapidly (Torero 2013), resulting in more rapid consumption of the charcoal even under 256 
short test durations, compared to ambient conditions (as observed by Hadden et al. (2013)).  257 
 258 
Post-burn ash colour after both ambient and superambient oxygen calorimetry experiments  259 
 Interestingly, we note that the ash colours produced by each fuel in this study varied 260 
widely from white, to orange, and light to dark grey (Tables 1-2 in Hudspith et al. 2017). It 261 
has previously been assumed that ash colour depends on combustion completeness and fire 262 
temperature (c.f. Bodí et al. 2014). However, for each species tested we observed more 263 
complete combustion under superambient (compared to ambient) test conditions (Fig. 6; 264 
Tables 1-2 in Hudspith et al. 2017), yet the ash colour visually appears to be the same for 265 
each species after both test conditions (Tables 1-2 in Hudspith et al. 2017).  Therefore 266 
suggesting that ash colour variations are likely caused by species specific variations in ash 267 
chemistry (Vassilev et al. 2010), not combustion behaviour.  268 
 269 
DISCUSSION 270 
Charcoal production of different fuel types: Considerations for the charcoal fossil record  271 
 By experimentally producing charcoal from twenty species of surface fuels we have 272 
shown that charcoal production is a more complex process than has previously been 273 
appreciated by palaeontologists (Figs 2-6). Collectively, it appears that fuel type (structure 274 
12 
 
and chemistry), fuel arrangement (bulk density) (Fig. 5B), combustion behaviour (Fig. 5A; 275 
Tables 1-2 in Hudspith et al. 2017), and the duration of solid fuel oxidation (char 276 
consumption) (Fig. 5C), and even the atmospheric composition (Fig. 6), all influence the 277 
amount and nature of charcoal that remains following a fire.  278 
 The heterogeneous mix of foliage and vegetative material in each sample also likely 279 
contributed to the variation in char mass fractions at the end of each test (Fig. 3). For 280 
example, the porous nature of leaves alone increases the surface area for oxygen diffusion, 281 
meaning that for some samples smouldering and flaming co-occurred (Fig. 1B; Torero 2013), 282 
producing charcoal and ash contemporaneously, but also differentially between fuel types. It 283 
is clear that certain plant organs such as fine woody fuels (Fig. 2D), cones (Fig. 2C), flowers 284 
(Hudspith & Belcher 2017), Equisetum stems, and certain leaves (e.g. Podocarpus salignus 285 
(Fig. 2E), Pinus radiata (Fig. 2G), Dicksonia antarctica (Fig. 2I), Blechnum tabulare) were 286 
more likely to remain as charcoal post-fire. The enhanced charcoal production of these plant 287 
organs is likely attributed to their chemical composition. Fuels with high lignin contents (i.e. 288 
woody fuels, cones) produce considerably more charcoal than those rich in cellulose (i.e. 289 
leaves) (Mackay & Roberts 1982), as cellulose and hemicellulose pyrolyze quickly at lower 290 
temperatures, whereas lignin is not only more resistant to thermal decomposition, but it also 291 
occurs over a broader temperature range (Yang et al. 2007). Whereas the enhanced charcoal 292 
production seen in other plant organs may be explained by a combination of factors. For 293 
example, the dead conifer needles in this study produced high bulk density fuel beds (Fig. 294 
5A-B), which when coupled with the high lignin and/or tannin contents of individual needles, 295 
likely contributed to their enhanced charcoal production (c.f. Grootemaat et al. 2015). For 296 
other species, the accumulation of substantial quantities of inorganic constituents, such as 297 
high silica contents in Equisetum (and to a lesser extent D. antarctica) (Guntzer et al. 2010) 298 
may have provided some insulating properties during combustion by delaying the release of 299 
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pyrolysis products (as seen in modern silicon-based fire retardants) (Lowden & Hull 2013), 300 
resulting in high charcoal yields for these species. Consequently, these observations suggest 301 
that fuel chemical composition also plays a role in charcoal production. 302 
 The preferential survival potential of woody fuels as charcoal in this study, may also 303 
in part explain why gymnospermous wood appears to be the most commonly identified 304 
charcoal type in the fossil record (Scott 2010; Brown et al. 2012; Belcher et al. 2013). 305 
However, it is not surprising that fossil wood charcoal is so readily identifiable given that the 306 
majority of previous experimental charcoal production (furnace experiments) and fossil 307 
charcoal literature primarily describe charred wood (c.f. Scott 2010 and references therein). 308 
Yet wood is not the only fuel source in wildfires, and many of the characters used to identify 309 
wood charcoal i.e. cell wall homogenization (Jones & Chaloner 1991; Scott 2010) do not 310 
apply to say charred seeds, leaves or flowers. Whilst post-burn charcoal inventories for 311 
modern forest fires (i.e. Santín et al. 2015) show that down wood and bark (from upright 312 
trees) constitute a major proportion of the charcoal that is produced overall, some of the 313 
biomass from needles and the forest floor are also converted to charcoal (Santín et al. 2015). 314 
It therefore seems unlikely that wood charcoal was favourably produced at the expense of all 315 
other fuel types in palaeowildfires. The apparent reduced abundance of other charred plant 316 
parts in the fossil record may also in part be due to the fact that much wildfire-derived 317 
charcoal is transported to some extent post-fire, and different charred plant organs can 318 
become separated (Nichols et al. 2000) meaning charred wood may not be associated with 319 
other charred plant organs. The charcoal fossil record is therefore not only affected by the 320 
preferential production of certain charcoal types by fire (as explored here), but will be further 321 
subjected to taphonomic and sampling biases that favour larger, and more easily 322 
recognisable, charred wood samples.   323 
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 Despite this apparent sampling bias in favour of charred wood, charred surface fuels 324 
have been documented from Mesozoic charcoal assemblages, and these include: charred fern 325 
fragments (Harris 1958, 1981; Alvin 1974; Scott 2000; Collinson et al. 2000; Van 326 
Konijnenburg-Van Cittert 2002), conifer shoots and needles (Falcon-Lang et al. 2001; Friis et 327 
al. 2006; Falcon-Lang et al. 2016), and early angiosperm flowers and seeds (Friis et al. 328 
2006). The fossil record therefore not only contains evidence of charred surface fuels, but 329 
also further highlights that certain plant organs, even of extinct genera, appear to have 330 
produced more charcoal in palaeowildfires than others.  331 
 Our experiments demonstrate that fire alone creates a clear bias in the amount and 332 
nature of the charcoal it produces, with certain species such as, needle-shed conifers, D. 333 
antarctica foliage, and Equisetum spp. producing more charcoal than shoot-shed conifers, 334 
shrub and weedy angiosperms and some fern species. Consequently, the latter surface fuels 335 
may therefore be underrepresented in the charcoal fossil record because the charcoal that is 336 
produced is rapidly destroyed and converted to ash, meaning that these species leave limited 337 
charred remains post-fire, so they have a reduced likelihood of being represented as charcoal 338 
in the fossil record. This is well illustrated with the conifer foliage tested in these 339 
experiments, for example, the needle-shed morphotypes Pinus radiata (live and dead foliage) 340 
(Fig. 2G-H) and Podocarpus salignus (dead foliage) (Fig. 2E) produce greater proportions of 341 
charcoal than any of the shoot-shed conifers tested (Figs 3, 4), suggesting the potential for a 342 
charcoal production bias in favour of needle-shed conifers, irrespective of whether the conifer 343 
leaves are broad and flat (Podocarpus salignus) or thin needles (Pinus radiata), in the 344 
charcoal fossil record. Indeed, although rarely reported, charred needles are more commonly 345 
observed in fossil charcoal assemblages compared to other charred leaf morphologies (i.e. 346 
Falcon-Lang et al. 2001; Hudspith et al. 2015). Therefore, despite the abundance of leaf 347 
impressions in the fossil record (Greenwood 1991), broader leaf morphologies, which 348 
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produce lower bulk density well aerated litter fuels, are more likely to be completely 349 
consumed during wildfires and converted to ash. The low production of charcoal from these 350 
fuel types therefore severely limits their potential to become incorporated into the charcoal 351 
fossil record.   352 
 The most commonly reported clearly identifiable and widely reported charred surface 353 
fuel type to date in the fossil record are fern fragments (Harris 1958, 1981; Alvin 1974; Scott 354 
2000; Collinson et al. 2000; Van Konijnenburg-Van Cittert 2002). Their relative abundance 355 
in the charcoal fossil record is not surprising given that ferns had attained near extant 356 
diversity by the Late Cretaceous (Watkins & Cardelús 2012) and were dominant understory 357 
components throughout a large part of the Mesozoic (Van Konijnenburg-Van Cittert 2002), 358 
and were therefore also major carriers of fire (Scott 2000; Collinson et al. 2000). Interestingly 359 
our experiments indicate that not all fern genera produce equal proportions of charcoal, with 360 
Pteridium sp. and Dryopteris sp. producing far less than B. tabulare, or D. antarctica (Figs 3, 361 
6) thus suggesting that charcoal production biases may have also existed within fossil fern 362 
genera. This is supported by the fossil record as most of the previously reported fern charcoal 363 
derives from only two families, Gleicheniaceae and Matoniaceae (the latter including 364 
Weichselia) (Harris 1958, 1981; Alvin 1974; Watson & Alvin 1996; Van Konijnenburg-Van 365 
Cittert 2002). In fact, Weichselia charcoal is often the only fuel type preserved, despite 366 
evidence suggesting it grew alongside other ferns, conifers, lycopods and bryophytes 367 
(Watson & Alvin 1996). Does this therefore mean that the surrounding vegetation was not as 368 
flammable? Or has the charcoal from these other fuel types been transported/ preserved in a 369 
finer fraction/ not as easily identifiable? Or conversely, based on the results we have 370 
presented here, have the other fuel types been more completely combusted (resulting in the 371 
production of ash, not charcoal), whilst the inherent fuel properties of Weichselia resulted in 372 
its enhanced production during, and survival as charcoal following, fires. It is not possible to 373 
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explore all these factors in the fossil record, however, Weichselia is known to have generated 374 
high fuel loads from its growth habit in fern heaths/ prairies (Alvin 1974), and it also 375 
exhibited xeromorphic leaf adaptations such as thickened pinnules and cuticles (Harris 1958; 376 
Alvin 1974; Watson & Alvin 1996; Van Konijnenburg-Van Cittert 2002) both of which alone 377 
could potentially result in higher charcoal production during fires. As in this study, where 378 
ferns with leathery (i.e. B. tabulare), or thick (i.e. D. antarctica) fronds showed some of the 379 
highest survival potentials as charcoal (Fig. 3). It therefore appears that charcoal production 380 
is also tied to some aspects of the intrinsic structural and chemical properties of the fuel, and 381 
considerations of plant phytochemistry certainly warrant further investigation in the future 382 
when considering charcoal production.  383 
 384 
Reconciling high charcoal contents from geological Periods with superambient oxygen 385 
atmospheres 386 
Superambient oxygen conditions, such as those experienced during the Cretaceous 387 
Period (Mills et al. 2016), resulted in enhanced wildfire activity (Belcher et al. 2013) as is 388 
evidenced by the high fossil charcoal contents at this time (Brown et al. 2012). Yet, in our 389 
superambient oxygen experiments we show that many species contradictorily produced less 390 
charcoal at the end of the test (Fig. 6). This supports previous findings by Hadden et al. 391 
(2013), who also show that enhanced charcoal consumption occurs when atmospheric oxygen 392 
concentrations are progressively increased. We should note however, that it is difficult to 393 
directly compare our ambient oxygen experiments, undertaken using the iCone calorimeter, 394 
with our superambient oxygen experiments using the FPA. This is because in order to alter 395 
the atmosphere in the FPA experiments, the samples were subjected to a flow of N2 and O2 396 
gas, which caused increased air movement across the samples during the superambient 397 
experiments. However, it is encouraging that our results are similar to those observed by 398 
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Hadden et al. (2013), which were undertaken in equal flow conditions across both ambient 399 
and superambient atmospheric compositions.  400 
 Nonetheless, some species in our superambient oxygen experiments still produced 401 
considerable quantities of charcoal (Fig. 6), and similarly to our ambient oxygen iCone 402 
experiments, certain plant organs i.e. wood (Fig. 2D), and some leaf morphologies (Fig. 2H,J) 403 
were more likely to remain as charcoal post-burn than others. Further highlighting that even 404 
under superambient oxygen conditions certain plant organs will likely be overrepresented in 405 
the charcoal fossil record whereas: shoot-shed conifer foliage, weedy and shrub angiosperm 406 
foliage, and some ferns (Fig. 6) may be poorly represented, if at all.  407 
 Both these results and those of Hadden et al. (2013) indicate that higher 408 
concentrations of atmospheric oxygen lead to lesser amounts of charcoal remaining post-409 
burn, which seems at odds with the fossil record, where we see increased abundances of 410 
fossil charcoal (Belcher & McElwain 2008; Glasspool & Scott 2010; Belcher et al. 2010) in 411 
Periods where numerical models estimate elevated atmospheric pO2 vol. levels occurred (e.g. 412 
Bergman et al. 2004; Berner 2009; Mills et al. 2016). This might be reconciled by 413 
considering that although each fire in a high oxygen world must produce less charcoal, fire 414 
frequency itself must have been significantly increased owing to the ease of ignition, and 415 
rapid spread of fires (Belcher & Hudspith 2016). Therefore this increased fire activity, which 416 
also potentially may have produced larger burned areas, might account for the higher 417 
abundance of charcoal found in the fossil record during these Periods. It is also likely that 418 
fuel moisture played a role, because under higher oxygen concentrations increasingly wetter 419 
fuels can burn (Watson & Lovelock 2013), and spread rates and fire intensity were both 420 
found to be higher for wet fuels as atmospheric oxygen increased, compared to those ignited 421 
under ambient conditions (Belcher & Hudspith 2016). In order to reconcile our observations 422 
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with the charcoal fossil record, future experiments should seek to study the influence of 423 
charcoal production across a range of fuel moistures and atmospheric oxygen concentrations.  424 
 Charcoal production might also in part be related to atmospheric-driven shifts in net 425 
primary productivity (NPP), decomposition rates, and their relationship to fuel bed structure. 426 
For example, postulated higher than present day NPP in the Mesozoic (Beerling 2000) would 427 
have created higher litter fuel loads, that experienced slower decomposition rates (conifer, 428 
fern and basal angiosperm litters), compared to eudicot litter (Liu et al. 2014). The potential 429 
for deep litter beds ought to imply higher bulk density, resulting in longer flaming durations 430 
(Grootemaat et al. 2015) which may have led to higher charcoal production (Fig. 5B) during 431 
Cretaceous wildfires. Consequently, multiple factors are capable of altering the dynamics of 432 
fires, fire regimes, and therefore the production of charcoal, during Periods of superambient 433 
atmospheric oxygen.  434 
 In summary, if charcoal is being used as a tool for interpreting past wildfire activity, 435 
we should first consider that the amount of charcoal produced is clearly biased in favour of 436 
certain species, and plant organs, as shown in both our experiments (Figs 2-6) and the fossil 437 
record. Our findings demonstrate that in order to interpret palaeowildfire activity from fossil 438 
assemblages of charred surface fuels we (as a community) first need to: 1) improve our 439 
recognition of non-woody fossil charcoal in the field and when using microscopy in the 440 
laboratory. 2) Continue the application of novel experimental approaches in order to better 441 
understand charcoal production of different fuel types and plant organs; including further 442 
experiments that couple both enhanced atmospheric oxygen levels with varying fuel moisture 443 
contents. Our study also alludes to a potential relationship between plant chemistry and 444 
charcoal production, which requires further exploration. 3) Finally, we need to be mindful 445 
that not all surface fuels are equally likely to remain as charcoal post-fire, meaning that fire 446 
alone is capable of creating a charcoal production bias, even prior to any subsequent loss of 447 
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material before it reaches the depositional environment and ultimately becomes incorporated 448 
into the fossil record.  449 
 450 
CONCLUSIONS 451 
 We have used calorimetry to experimentally produce charcoal from twenty species 452 
that represent a range of surface fuels and growth habits. All species tested showed an 453 
interspecific variation in the amount of charcoal produced at the end of each test. We show 454 
that needle-shed conifers, Dicksonia antarctica foliage, and Equisetum spp. produced more 455 
charcoal than shoot-shed conifers, shrub and weedy angiosperms and some fern species under 456 
either ambient or superambient (26 vol. % pO2) atmospheric oxygen conditions. We also 457 
observe that certain plant organs such as: fine woody fuels, cones, Equisetum stems, certain 458 
leaves (e.g. Podocarpus salignus, Pinus radiata, Dicksonia antarctica, Blechnum tabulare) 459 
appear to preferentially produce more charcoal, compared to the remaining foliage tested. 460 
Thus suggesting that charcoal formation in fine surface fuels is a more complex process than 461 
previously appreciated and such variation between species suggests that charcoal production 462 
must be closely tied, not only to combustion behaviour, but also to the intrinsic structural and 463 
chemical properties of a given fuel. We therefore suggest that future research directions 464 
consider the effect of plant chemistry on charcoal production and suggest further 465 
experimental approaches are required in order to better understand charcoal production under 466 
superambient atmospheric oxygen conditions. Further, in order to better understand past 467 
wildfire activity we (as a community) need to be better at scrutinising the types of charcoal 468 
that occur in the fossil record. Particularly as our experiments clearly demonstrate that 469 
different species, and even different plant organs, are not equally likely to remain as charcoal 470 
post-fire, and this must also be true for the vegetation that burned in palaeowildfires. 471 
Therefore, fire alone should be considered as an additional bias that affects the charcoal we 472 
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observe in the fossil record, even before considering any other subsequent loss of material 473 
caused by post-fire transport, or other taphonomic processes. It is likely this combination of 474 
factors that has resulted in certain species potentially being overrepresented as charcoal in the 475 
fossil record (i.e. Weichselia), or conversely not represented at all. The potential for a 476 
charcoal production bias has not previously been considered; therefore these charcoal 477 
production experiments represent a preliminary step in trying to improve our understanding 478 
of the fossil record of fire.  479 
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FIG. 1. Line graphs showing two end members in CO production and how this curve can 668 
indicate the burning dynamics of the different fuels tested. The grey shaded areas denote the 669 
proportion of each test where char oxidation (charcoal consumption) is occurring. In (A) CO 670 
production is stable during flaming and the rise in CO occurs far later, resulting in shorter 671 
duration of char oxidation, and more charcoal being left at the end of the test (Cryptomeria 672 
japonica dead foliage). In (B) the rise in CO production occurs during flaming and the test 673 
duration is dominated by ash-forming char oxidation (Sarcandra chloranthoides).  674 
 675 
 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
FIG. 2. 8 bit greyscale photographs used for image analysis, illustrating the interspecific 684 
variation in the percentage of charcoal and ash produced post-burn. Images are presented as 685 
comparative charcoal percentages between tests run under ambient atmospheric oxygen 686 
conditions using the iCone calorimeter: (A), (C), (E), (G), (I), and superambient 26 vol.% 687 
atmospheric oxygen using the FPA: (B), (D), (F), (H), (J). Image (A) Pteridium sp. (1%), (B) 688 
Cryptomeria japonica dead foliage (0%), (C) Cryptomeria japonica dead foliage (13%), (D) 689 
Drimys winteri (15%), (E) Podocarpus salignus dead foliage (42%), (F) Asplenium 690 
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scolopendrium (43%), and (G)-(H) Pinus radiata foliage (76% and 64%), (I)-(J) Dicksonia 691 
antarctica foliage (84% and 91%). Scale bar in all images is 40 mm.  692 
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FIG. 3. Graph illustrating the range of char mass fractions for all fuel types and replicates 715 
studied under ambient oxygen conditions. Species are grouped according to growth habit.  716 
 717 
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 720 
 721 
 722 
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 724 
 725 
 726 
 727 
 728 
FIG. 4. Box and whisker plot of char mass fractions from the different conifer leaf 729 
morphotypes. Needle-shed species are Pinus radiata and Podocarpus salignus. Shoot-shed 730 
species are Cryptomeria japonica, Cunninghamia konishii, and Sequoia sempervirens. The 731 
box limits are the 25% and 75% quartiles, the central line in each box is the median and the 732 
whiskers are 1.58 times the interquartile range.  733 
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FIG. 5. Scatter plots showing relationships between (A) total heat released and bulk density. 740 
Proportion of each test duration (in %) where char oxidation is occurring, plotted against (B) 741 
bulk density, and (C) char mass fractions. Black arrows in (C) highlight the two divergent 742 
trends in the data. Fuel types are grouped according to growth habit in all plots. 743 
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FIG. 6. Comparative graph illustrating the range of char mass fractions for all fuel types and 765 
replicates tested under both ambient and superambient oxygen conditions. Fuel types are 766 
grouped according to growth habit.  767 
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